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PTOFLUIDICS is an emerging field that integrates microfluidics and optics on the same device to work synergistically [1] . Devices that contain both microfluidic channels and on-chip photonic circuits, such as integrated biochemical sensors, show enhanced functionality and sensitivity and enable significant cost and size reduction. Many research groups have demonstrated that fluidic channels and optical waveguides can be fabricated on the same substrate [2] , [3] . In order to assure that photons and biological samples in the fluid interact most effectively for the highest sensitivity, however, we desire the flexibility to direct and align the paths of light and fluid. In some cases, we need light beams to intersect the fluidic channels to localize the interrogation area [4] . In other cases, we want the light wave and the fluid to share the same path to maximize their interaction. For the latter case, we still lack an effective fabrication method. Due to the fact that most polymers used in lab-on-a-chip devices have a higher index of refraction than water, light traveling in the fluidic channel will not be confined, suffering from high radiation loss. In this work, we report a polydimethylsiloxane (PDMS)-compatible process of coating microfluidic channels with a layer of low refractive index Teflon amorphous fluoropolymers (Teflon AF) solution, enabling the water in the fluidic channel to be used as the waveguide's high index core. We further show that the Teflon AF-coated waveguide works not only for straight fluidic channels but also for split channels. In addition to delivering the light, by Teflon coating the microfluidic channel, we also create a channel with low sample adsorption, avoiding a troublesome problem found in many polymer-based microfluidic devices. Teflon AF is an amorphous fluoropolymer that is chemically stable and optically transparent from ultraviolet (UV) to infrared wavelengths. Unlike other fluoropolymers, Teflon AF has a refractive index that is lower than the index of water ; therefore, a Teflon AF coating layer can be used to clad a liquid-core optical waveguide. Light will then be delivered through the same physical path as the fluid flows by total internal reflection when the coated channels are filled with water or aqueous solutions. Datta et al. reported the fabrication of Teflon-coated liquid core waveguides by spin-coating a Teflon AF solution onto silicon or glass substrates in 2003 [5] . The fabrication process for these glass substrates, however, is relatively expensive and time consuming. If the Teflon AF coating process can be applied to polymers such as PDMS, a favored material for developing many of today's microfluidic devices, it can be an attractive process for use in lab-on-chip devices. Guo et al. fabricated a Teflon AF-coated liquid core waveguide by spin-coating Teflon AF on PDMS substrates [6] . However, the spin-coating of Teflon AF onto a PDMS substrate has its limitations. One challenge of the spin-coating process is that once the Teflon AF coating is formed on PDMS substrates, bonding between Teflon AF layers becomes very difficult, as Teflon AF (like any Teflon material) is chemically stable. Bonding between Teflon AF coating layers was reported by using physical clamping at temperatures above 330 C [6] . At this temperature, PDMS (e.g., Sylgard 184) turns brown and loses its optical transparency. In addition, surface cracking often results during device process and handling, as the elastic modulus of Teflon AF is about 1000 times that of PDMS [7] . In order to resolve aforementioned limitations, we demonstrate a new procedure for coating Teflon AF onto the PDMS channel walls by flowing Teflon AF solution through the microchannel, thereby creating the cladding layer for an optical waveguide along the path of fluid flow. The light introduced to microchannels is confined inside the core of the waveguide (i.e., microfluidic channel) and guided by fluid flowing through the channel. kPa is applied for 20 min to remove excess Teflon AF solution from the channels (see Fig. 1 ). The balance between the vacuum force and the adhesion to the PDMS channel wall determines the thickness of the cladding layer.
The process results in a smooth channel with a hollow core. The Teflon AF-coated PDMS device is heated to 155 C for 20 min to evaporate the fluoroinert solvent, and then heated further to 175 C (15 C above the its glass transition temperature) for 20 min to form a smooth Teflon AF layer. This relatively low temperature coating is compatible with the PDMS process while significantly reducing the consumption of Teflon solution compared to the spin-coating process. Calculations show that a 5-m-thick Teflon AF film is necessary to confine the light to the liquid core [8] . In our work, the cladding thickness is typically 5-15 m, thick enough to confine and guide light waves. The thickness of the Teflon AF coating layer can be further controlled by adjusting the applied vacuum pressure and concentration of the Teflon AF solution. After slowly cooling the devices to avoid cracking due to thermal mismatch, an optical fiber is inserted into the channel for light coupling. Deionized (DI) water is then introduced into the hollow core to serve as both the sample flow carrier and the core of the optofluidic waveguide.
The flowing DI water transports both the suspended samples and the light in the same channel. Fig. 1 illustrates the fabrication process of the Teflon AF-coated optofluidic waveguide. The numerical aperture, NA , of the liquid core waveguide is 0.23, well-matched to the NA of the input multimode fiber NA . The cross section of the liquid core waveguide is imaged by a charged coupled device at the end of the channel, as shown in Fig. 2(a) . Fig. 2(b) shows the cross section of the fabricated microfluidic channel that is 200 m by 70 m. Fig. 2(c) shows the light output of the optofluidic waveguide when the laser is ON. The dotted box shows the wall of the PDMS channel, and the solid line shows the boundary between the Teflon AF cladding layer and the liquid core. It verifies that the light is confined to the liquid core of the optofluidic waveguide by the Teflon AF coating. A waveguide loss of 2.13 dB/cm at 488-nm wavelength is measured. Scattering is the dominant factor compared to light leakage and absorption. With improved smoothness of Teflon AF coating, we believe the waveguide loss can be reduced significantly. Fig. 3(a) shows the layout of a microfluidic channel which includes a splitting junction, and Fig. 3(b) is a photograph of the device. Laser light nm is fiber-coupled into the microfluidic channel, in which water flows. Light is guided by the fluid flow, and at the three-way junction, as shown in the enlarged box in Fig. 3(a) , the 488-nm light is divided into three paths following the fluid flow towards the channel outlets. In order to demonstrate that light can be split and guided through three channels, we have filled the device with a diluted Rhodamine 6G solution that emits green fluorescence in all directions after absorption of the guided 488-nm light.
As shown in Fig. 4 , the light guided from the upstream channel is divided into three split channels separated by 3 . The result demonstrates that the excitation light is split into three channels and that the split light is still guided through the channels. Since the light always traces the fluid flow in which samples are suspended, excitation is performed at all locations, and thus detection can be performed at any position. This unique property provides a very convenient feature for lab-on-a-chip devices. For example, it becomes possible to perform highly sensitive fluorescence detection at multiple locations using only a single light source, imparting a high degree of design flexibility to miniaturized optofluidic devices, for example, lab-on-chip flow cytometers or micro-fabricated fluorescence-activated cell sorter ( FACS).
To summarize, we have developed a new fabrication process for shared-path optofluidic waveguides by using Teflon AF to selectively coat the microfluidic channels of our choosing. We choose Teflon AF for its low refractive index relative to water and for its optical transparency. Our new Teflon AF coating process is compatible with PDMS (one of the most popular polymers in microfluidics) in that the process removes the elasticity mismatch between Teflon AF and PDMS and preserves both the optical and physical properties of PDMS that make it desirable for many microfluidic applications. In addition, the process requires only a small amount of Teflon AF solution (less than 20 l). This enables optofluidic waveguides to be fabricated in PDMS in a cost-effective, less time-consuming manner. The coating created by our process is tunable via adjustment of the dilution (viscosity) of the Teflon AF solution and also by force applied by the vacuum. In addition, since Teflon AF is chemically stable, our process further circumvents common issues with sample absorption at the wall of the microfluidic channel. Furthermore, we demonstrate that as the fluid path is split, so is the light path, creating a fluidically controlled optical circuit. This technology offers design flexibility and efficient interactions between light and samples for lab-on-a-chip devices.
